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1 Introduction 

Low-energy supersymmetry (SUSY) at the TeV-scale provides an attractive extension of 
the Standard Model (SM) for various reasons, in particular, since it can solve the gauge 
hierarchy problem. Furthermore, it is going to be tested in the ongoing LHC experiments. 
Regarding cosmology, the paradigm of cosmic inflation has emerged as the prime candidate 
for early universe physics to resolve the flatness and horizon problems associated with the 
hot big bang scenario. Typically, models of inflation require a comparatively high scale 
of inflation, close to the energies where the gauge interactions of the SM can be unified. 
The scale of inflation might soon be tested by an observation of tensor modes with the 
PLANCK satellite. It is therefore an interesting question whether a high scale of inflation 
can be realized together with TeV-scale SUSY. 

A priori, the two topics of low-energy SUSY and high-scale inflation seem to be unre- 
lated. However, they turn out to be connected due to the issue of "moduli stabilization" , in 
particular in the context of string theory. String compactifications generically lead to many 
light scalar fields, aka moduli, which for example parametrize the size and shape of the 
compactified internal manifolds. Tracing the physics of extradimensions, the couplings in 
the 4D effective low-energy theory become functions of the moduli fields. To make sure that 
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the internal dimensions do not decompactify, and also to avoid observational constraints 
on the space-time variability of the low-energy coupling constants, the moduli fields must 
be stabilized (i.e. must acquire a suitable mass) both during and after inflation. 

In the context of type IIB string theory, the issue of moduli stabilization is most well 
understood in the well-known KKLT scenario [1]. It assumes that the dilaton and the com- 
plex structure moduli are stabilized via fluxes [2-4].^ Therefore, only the dynamics of the 
volume moduli are important for the low-energy physics. The volume moduli are stabilized 
by the contributions from nonperturbative effects such as gaugino condensates. Moreover, 
moduli stabilization also nicely combines with dynamical supersymmetry breaking with 
the moduli comprising the hidden sector. 

When the issue of moduli stabilization is discussed in conjunction with inflation, how- 
ever, a severe problem emerges, namely adding the inflationary sector may destabilize the 
moduli, which was pointed out by Buchmiiller, Hamaguchi, Lebedev and Ratz and by 
Kallosh and Linde in [9-11]. Here, we are concerned with a particular version of this 
problem sometimes referred to as the Kallosh-Linde (KL) problem [11]: One often finds an 
upper bound on the inflationary energy scale in terms of the present-day gravitino mass, 

^inf < "13/2''^ , (1-1) 

to avoid the destabilization of the volume modulus. For TeV-scale SUSY breaking, one 
has m^i2 ~ TeV and thus the scale of inflation is bound to be very small, much below 
the scale required for many model building approaches (and also very much below obser- 
vational sensitivities for gravitational waves) . Basically, the problem appears since there is 
effectively only one scale in the problem, which sets both the gravitino mass today and the 
height of the barrier towards decompactification. A SUSY breaking uplifting term turns 
the AdS minimum into a nearly Minkowski minimum, and also sets the height of the barrier 
separating the metastable vacuum from the vacuum at infinity. Typically, inflation in such 
a setup can be viewed as an additional uplifting which induces a runaway potential for the 
modulus. Thus, if its contribution becomes too large, the barrier and hence the minimum 
disappear. In summary, the inflationary scale is constrained to be smaller than the height 
of the barrier, and therefore the gravitino mass. We will review the problem in more detail 
in the next section. 

As a solution to the problem, KL [11] suggested a form of the superpotential for which 
the gravitino mass in the present vacuum is unrelated to the height of the barrier. There- 
fore, choosing the gravitino mass at the TeV-scale, we can always independently increase 
the barrier height such that high-scale inflation models do not destabilize the modulus. 
This corresponds to a fine-tuning of the terms in the superpotential. Following the ap- 
proach of KL, in the context of volume modulus inflation in a racetrack setup, the problem 
has been addressed when one of the exponents of the nonperturbative terms is positive 

^For reviews and an extensive list of references on moduli stabilization with fluxes and nonperturbative 
effects in type IIB string theory cf. e.g. [5-8]. 
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[12-16]. However, this can be done only at the expense of introducing more parameters 
in the theory. In the large volume scenario, attempts have been made to accommodate a 
small gravitino mass with a high scale of inflation, when inflation happens exponentially 
far away from the present Minkowski vacua. Other than some inevitable fine tuning, the 
working models have several phenomenological difficulties [17]. Dynamical avenues for the 
case of chaotic inflation [18] and hybrid inflation [19] have also been explored, where the 
gravitino mass becomes inflaton-dependent in a suitable way. Difficulties related to the 
realizations of high-scale inflation together with low-energy SUSY breaking have been dis- 
cussed in [20, 21] and some resolutions have been proposed in [21, 22]. However, this has 
been successfully achieved only for the superpotential of [11]. Combining chaotic inflation 
and supersymmetry breaking within the KL scheme has recently been discussed in [23] for 
the general chaotic inflation models of [24-26]. For other approaches to the KL problem 
see e.g. [27]. 

Here, we propose a different resolution of the problem, namely to use two different 
mechanisms to stabilize the moduli during and after inflation. During inflation, the mod- 
ulus field receives a large mass proportional to the inflationary vacuum energy. This is 
achieved, for example, by a suitable moduli-dependence of the Kahler metric of the field 
driving supersymmetry breaking during inflation. The role of such a type of coupling for 
moduli stabilization was first noted in [28]. At the end of inflation, the vacuum energy 
goes away and we invoke a stabilization mechanism like KKLT relying as usual on nonper- 
turbative terms in the superpotential. We illustrate our general idea in a simple example: 
chaotic inflation protected by a shift symmetry combined with a KKLT-type superpoten- 
tial. However, we stress that our framework can be applied to more general setups. 

We begin with a brief review of the Kallosh-Linde Problem in section 2. Afterwards, 
we describe our general framework for resolving the problem in section 3 and illustrate 
it in a simple example with shift symmetric chaotic inflation and a KKLT superpotential 
in section 4. Some results for a generic choice of WraodiT) are presented in appendix A. 
Finally, we give our conclusions in section 5. 

2 Review of the Kallosh-Linde Problem 

The Kallosh-Linde (KL) problem was discussed in [11] in the context of moduli stabilization 
in type IIB string theory within the KKLT scenario [1]. Below the scale where the complex 
structure moduli and the dilaton are stabilized via fluxes as in [2, 3], the Kahler potential 
K and the superpotential W for the volume modulus T = a+ia, which controls the overall 
size of the compact space, are given by [1] 

i^ = -31n(r + r) and W = wq + Ae'"^ , (2.1) 

respectively. Note that throughout this article we work in units where Mp = 1. In the 
following, we consistently set the imaginary part a = 0, which corresponds to a partic- 
ular choice of phases for wq and A, and consider only the potential for the real part a. 
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The resulting F-term potential has a supersymmetric Anti de Sitter (AdS) minimum and 
consequently the depth of this minimum is given by 

^AdS = -3e<^>^Ads|(t^),^^,J^ (2.2) 

where o"AdS is the position of the AdS minimum. To turn the this into a Minkowski or de 
Sitter (dS) minimum, one has to add an uplifting term to the potential, which is typically 
of the form AV^ ~ The value of Cup is fine-tuned such that the value of the potential at 
the new minimum is equal to the present value of the cosmological constant. The uplifting 
usually induces only a small shift in the position of the minimum which is negligible, i.e. 
one has ctq ~ CAdS- The uplifting procedure also creates a barrier that prevents the field 
from running away to the Minkowski vacuum at cr — t- oo, i.e. towards decompactification. 
The height Vb of this barrier turns out to be Vb — 0(l)|VAds|- 
The gravitino mass in the uplifted minimum is given by 

ml/^i^o) = e<^>-oKW).ol « e<^^^-^KW^).A.sl = ^I^Adsl • (2.3) 
Thus, the height of the barrier is related to the gravitino mass in the present vacuum, 

Vb- iVAdsl ~?^3/2- (2-4) 

The gravitino mass is directly related to the scale of supersymmetry breaking since 
the almost vanishing of the cosmological constant, 

Vmod = Vf + Vd = \F\'' - 3m2/2 + ^L>2 « , (2.5) 

automatically implies 

3m2/2^|F|2 + ll)2_ (2.6) 

When an inflationary sector is added to the moduli stabilizing sector, the generic form 
of the potential becomes^ 

^tot = K.od(cx) + ^^^. (2.7) 

Even for a perfectly suitable inflationary potential Vmfi<P), once the value of Vini{(p) becomes 
large enough, the second term in Eq. (2.7) dominates and a becomes a run-away direction. 
This is actually independent of the particular form of the moduli stabilization sector (for 
now, it is KKLT), i.e. there is always an upper bound for the inflationary energy scale. 

^This choice for Vup is motivated by introducing Z)3-branes at the tip of a warped throat. The constant 
Cup is tuneable by adjusting the strength of the warping at the tip. 

^If we add an F-term driving inflation, the scalar potential during inflation is 

V = e^"' (a-^-^ \DxWf + K^^ \DtW\' - 3|M/1^) + ^ . 

For all known candidate inflation models, the inflationary potential Vi-nf ~ K^^ \DxW\^ vanishes as 
some inverse power of a for a — >■ co. Typically, this power is from the prefactor. Thus, adding 
inflation to Vmod can be viewed as an additional uplifting. 
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Empirically, it has been argued that to avoid decompactification for the KKLT moduli 
stabilization scheme, we have to require [11] 

Kot < 0{1)Vb . (2.8) 



However, for the KKLT scenario, the height of the barrier is related to the gravitino 
mass in the present vacuum, cf. Eq. (2.4), and thus with H"^^^ ~ Vtot the upper bound 
becomes 




cr 



Figure 1. Schematic picture of the destabilization of the uplifted minimum due to adding an 
inflationary sector. The moduli potential after inflation is given by the solid black line. The dashed 
red line corresponds to the contribution from only T4nf(<?!')/o'"^, while the solid red line corresponds 
to Vmodlc) + a^^ Mnf(0). The other solid colored lines correspond to different increasing values of 
V{ai{(t>). The dashed grey line indicates the height of the barrier Vb- The scale on the vertical axis 
is arbitrary. 

We illustrate the destabilization of the uplifted minimum for the modulus due to 
inflation in Fig. 2. Obviously, by increasing 14nf ((/>), for a certain critical value of Vinf(</') 
the minimum disappears and the modulus runs away to infinity. 

The solution suggested by KL [11] is to use a form of the superpotential for which the 
gravitino mass in the present vacuum is unrelated to the height of the barrier. To achieve 
this decoupling, the terms in the superpotential must be fine-tuned. 

the context of the large volume scenario, the upper bound becomes even more severe, namely 

/ ^^^^ x3/2 

"Hinf J; (^■3/2^'*') ill Planck units [17]. 
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The crucial issue of the KL problem arises from the notion of having a single, common 
scale to the moduli stabilization mechanism during and after inflation. In this article, we 
propose a scenario where two different mechanisms stabilize the modulus during and after 
inflation. In particular, we consider models where a certain term in the Kahler potential is 
responsible for stabilizing the volume modulus during inflation, whereas a standard KKLT- 
type superpotential stabilizes the modulus after inflation, and thereby sets the gravitino 
mass in the present vacuum. In the next section, we will outline the general setup of our 
scenario, followed by an explicit example. 

3 Resolution: A General Framework 

We consider generic superpotentials of the following form 

W = Wini{X,^,...) + W„,od{T), (3.1) 

with X denoting the field whose F-term drives the inflationary vacuum energy and ^ 
containing the inflaton. The dots in the argument of Il^inf represent possible other fields, 
e.g. some waterfall fields to realize hybrid inflation. The F-term potential during inflation 
takes the form 

Vf = K^^lDxVFm/P + ^mod(cT) + Klix , (3.2) 

where Vmod(c) originates solely from the modulus sector WmodiT) and is responsible for 
moduli stabilization only after inflation when the F-term of X (the vacuum energy) - the 
first term in Eq. (3.2) - has vanished. Since the Hubble scale at the end of inflation is much 
smaller than the Hubble scale during inflation, Wmod(^) need not be necessarily large in 
contrast to the usual setup where Wraod{T) is responsible for moduli stabilization both 
during and after inflation. Vmix denotes possible additional mixing terms, in particular, 
the contributions due to Kj^^ 7^ 0. There are in general also other mixing terms, e.g. due 
to K^f / 0, but we assume those to be negligible in the following. 

During inflation, moduli stabilization is achieved by a suitable moduli-dependence of 
the first term. Moreover, since we focus on setups where Wi^f satisfies [24, 25, 28-30, 37, 38] 

Wini-0 , Wini,x^O and Wini,i^x-0, (3.3) 

the minimum for T during infiation has to be generated by the prefactor of the first term, 
e^K^^. Below we give a simple example (on which we will be more explicit later in 
section 4), where we keep a no-scale Kahler potential for T and modify the Kahler metric 
for X in an appropriate way to stabilize the modulus during inflation. But keep in mind 
that our framework allows for more general possibilities, e.g. if one breaks the no-scale 
structure in the Kahler potential by including a'-corrections [39] . 

W^odiT) is responsible for stabilizing the modulus at the end of inflation. Upon 
including the necessary uplifting term, SUSY is broken in the present vacuum. As long 
as the Hubble scale after inflation is smaller than the TeV-scale, the modulus will always 
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remain stable since TeV-scale SUSY breaking generically induces moduli masses which are 
of the same order or heavier. Therefore, we can decouple low-energy SUSY breaking from 
the inflationary scale, thereby evading the KL problem, that is we can generically assume 

l^^modU^TT^modl « |^inf,x|. 

From now on, we restrict ourselves to a particular form of the Kahler potential, which 
contains the aforementioned coupling between T and X, namely 

K = -31n(r + T) + \X\^ (1 - /3(r + T) - -i\X\^) + ... . (3.4) 

It has been argued in [40] that couplings qualitatively similar to the second term in the 
brackets in Eq. (3.4) can arise as moduli-dependent string loop corrections in heterotic 
orbifold compactifications. For simplicity, we have dropped a possible overall factor of 
(T + T)~^ (with p some rational number) for the terms in the brackets in Eq. (3.4), which 
does not change the results significantly. A discussion of the origin of such terms in type 
IIB string theory is beyond the scope of our present paper and we defer it to the future. 

Due to the \X\^ term, X generically acquires a large mass during inflation [30] for 
7 > 0(1)^ and remains near zero^. Schematically, for \X\ <^ 1, Vp is given by 

\Wx\^ 

~ 3/i \r ^ + ^-°d(a) + 0{X) . (3.5) 
a-^ [\ — 2 p a) 

In the limit Wmod — ^ 0, we have X = and the potential during inflation is entirely given by 
the first term. Thus, let us concentrate on the first term for a moment: If /3 > 0, this term 
stabilizes a at Uinf ~ /S"-*^ with a large mass proportional to V-f^^ ~ | VFxj^/crfj^f. More pre- 
cisely, taking into account the non-canonical kinetic term for T, we find m|, ~ 0(10) "H^^f. 
At the end of inflation, the vaccum energy goes away and the modulus would become 
unstable. However, in this phase, 14tiod(o') begins to dominate and stabilizes the modulus. 
The novel feature of this setup is that the mechanisms for moduli stabilization during and 
after inflation are a priori unrelated. Therefore, the gravitino mass in the present vacuum 
is independent of the inflationary scale, which evades the KL problem. 

The presence of the moduli sector induces potentially dangerous corrections to the 
inflationary trajectory. However, for low-energy SUSY breaking (in particular for TeV- 
scale SUSY breaking) and high-scale inflation, these corrections are parametrically small, 
as we show in section 4.3 for a KKLT-type superpotential and in appendix A. 2 for a generic 
choice of VFmod {T) ■ 

The price we have to pay is that the minima during and after inflation do not have to 
be the same. Since there seems to be no dynamical mechanism involved, we choose them to 
(almost) coincide by tuning the parameters appropriately. This imposes a relation between 
the parameter /3 and the parameters controlling VFmod! but does not affect the possiblity 
of having low-energy SUSY breaking and high-scale inflation at the same time. 

^There exists a nice geometric interpretation for this requirement in terms of the sectional curvature 
along the Goldstino direction, cf. [31-36]. 

^Note that X is not stabilized exactly at zero since the non-vanishing gravitino mass m\/2 ^ jW^mod!^ 
induces a shift away from zero. However, this shift is parametrically small for small jW^modl, cf. Eq. (4.19). 
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4 Resolution: An Explicit Example 
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Figure 2. Schematic plot of the two moduli stabilization potentials during inflation (red) and after 
inflation (black). The grey dashed lines indicate the displacement Act of the two minima and the 
height of the barrier of the minimum after inflation. The grey region in the right part marks the 
regime where our effective field theory at second order in the derivatives ceases to be valid. The 
scale on the vertical axis is arbitrary. 



In this section, we illustrate our general idea in a simple toy model: shift symmetric 
chaotic inflation combined with a KKLT-type superpotential. Results for hybrid (or tribrid) 
models and inflationary scenarios based on a Heisenberg symmetry will appear elsewhere 
[41]. 

For simplicity, we consider a chaotic inflation model [30] based on the superpotential 

Tyinf($,X) =mX«., (4.1) 

where ^ contains the inflaton and X is the field whose F-term drives the infiationary 
vacuum energy. For the modulus sector, we consider a KKLT-type superpotential [1], 

W^od{T) = wo + Ae-''^ . (4.2) 

We consider a no-scale Kahler potential for T and the coupling between T and X introduced 
in Eq. (3.4). To solve the supergravity ry-problem, we assume a shift symmetry for the 
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inflaton direction.'' That is, we consider the Kahler potential 

K = -31n(r + f) + ^ (^> + + |Xp - p{T + f) -7|X|^. (4.3) 

The first term is invariant under a shift symmetry for the imaginary part of <I>, which 
protects this direction from the supergravity r/-problem. Recah that the last term ensures 
that X is stabilized near X = with nix ^ ^inf during inflation if 7 > 0{1). The coupling 
between T and X in Eq. (4.3) stabilizes T during inflation, while the superpotential VKmod 
fixes T after inflation. As noted in section 2, since the minimum generated by Wmod 
is a supersymmetric AdS minimum, we need to uplift it to a dS minimum with a tiny 
cosmological constant. To achieve this, an uplifting contribution is added to the potential, 

^up = , (4.4) 

which is motivated by introducing anti-D3-branes at the tip of a warped throat in a string 
theory realization of such a setup. Here, however, we do not refer to a particular string the- 
ory embedding of our scenario and simply view the above setup as an effective parametriza- 
tion for the potential of the modulus T and the inflationary sector with X and ^. 

Note that we assume the absence of any mixing between T and ^ and only a mixing 
between T and X given by the second term in the Kahler potential in Eq. (4.3). We 
comment on possible effects of such a mixing later on. 

We denote the real and imaginary parts of the scalar components of the chiral super- 
fields as follows 

T = a + i a , ^ = (pfi + i (pi , X = xr + i xj . (4-5) 

The vacuum expectation values of a during and after inflation are denoted by fiinf and uo, 
respectively. In addition, we choose the phases of the parameters in Wmod such that the 
minimum is at a = 0. More precisely, for the superpotential in Eq. (4.2), we choose wq to 
be real and negative and A to be real and positive. 

A schematic plot of the two moduli stabilizing potentials generated by the F-term of 
X (cf. the first term in Eq. (3.5)) and the one induced by the KKLT-type superpotential 
and the uplifting term (cf. Eqs. (4.2) and (4.4)) can be found in Fig. 4. 

To analyze the effects of the presence of a general VFmod during inflation, the basic 
idea is to perform a perturbative expanson in VFmodi DTWmod, ^mod '^ith dimen- 
sionless expansion parameters given by W^od/Wx etc. (up to appropriate powers of Mp). 
They parametrize the impact of the modulus sector on the inflationary trajectory and 
for low-energy SUSY breaking and high-scale inflation these expansion parameters are 
parametrically small, thereby making our treatment self-consistent. For the KKLT-type 
superpotential in Eq. (4.2), this procedure is essentially equivalent to an expansion in small 
\wo\ <C 1 and large aa ^ 1. Results for a general Wmod{T) are presented in appendix A. 



''We do not discuss the naturalness of the shift symmetry with respect to quantum (gravity) corrections 
here. For our purposes, we assume a solution to the r;-problem and effectively parametrize the resulting 
inflaton potential by Win! in Eq. (4.1) and a negligible breaking of the shift symmetry in the Kahler potential 
Eq. (4.3). 
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4.1 Stability of the Vacuum After Inflation 

We now discuss two possible problems which lead to constraints on the parameter space. 
Firstly, since the two minima during and after inflation generically do not coincide, we 
may not end up in the true minimum. In particular, we may overshoot the minimum 
and run away to infinity. Secondly, without Wmod and Vup, the vacuum after inflation is 
^ = X = and there are two flat directions corresponding to the real and imaginary parts 
of T. If we add Vmod, these two flat directions are stabilized. However, we may induce some 
instabilities for <I> and X. The implications of these two issues for the model parameters 
are discussed in sections 4.1.1 and 4.1.2, respectively. 

4.1.1 Overshoot Problem 

To avoid overshoot of the modulus after inflation (as long as there is no dynamical mech- 
anism implemented for a smooth transition between the two minima) we will require that 
the positions of the minima are sufficiently close to each other, i.e. (Tq ~ cxinf (c.f. Fig. 4). 
This relates the parameters controlling l^mod to the parameter /3 in the Kahler potential. 
For the specific case of the KKLT superpotential, Eq. (4.2), if we ignore the shift due to 
the uplifting potential Eq. (4.4), we can estimate ctq as^ 



ao ~ -0(1)- In 
a 



Wo 



A 



(4.6) 



During inflation, Vmod induces only a tiny shift which we can neglect and the position of 
the minimum is approximately given by 

- - -inf - ^ . (4.7) 

For the KKLT superpotential, one typically uses ^ ~ 1 and a ~ ^ for some integer^ 
such that effectively mainly wo determines the value of ctq and thus also the size of the 
gravitino mass after inflation. 

For the two minima to be roughly at the same position, ctq ~ ciinf, we have to tune the 
parameters such that 

Wo 



-0(1)1 1„ 



A 

We will assume this condition to be satisfied to a good approximation. 



(4.8) 



^Actually, there is a slighlty better approximation for the position of the AdS-minimum, namely 

1 wo 1 
ao ~ In 



a"' A 1- |ln|^^ 

However, for our purposes here, the approximation in Eq. (4.6) is sufBcient since we neglect the uplifting 
and only need a rough estimate for ctq. 

®For the effective field theory to be valid, we must have N ^ 1 such that a S> 1. 
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4.1.2 Stability Bound on wq 

There is yet another condition leading to a bound on wq, as we now discuss. Let us start 
by noting that, due to the absence of any mixings, the masses for 0r and 0/ are simply 
given by 



d<t>'^ 8^70^ (1-2/3 do) 4^0* 

and 

9V 



dcjyj 8a3(l-2/3ao) ' 
respectively. To avoid a tachyonic mass for c/;/, we have to require that ctq satisfies 



(4.9) 
(4.10) 



cxo<^. (4.11) 

Note that this condition is also necessary to avoid a wrong sign for the kinetic term of X^^ , 
independently of the stability condition for From also avoiding an instability for (pji, 
we get an upper bound on the size of W^mod at the minimum in terms of m: 

l^mod(^o)|' < "l' . « 2m\ (4.12) 
2(1 - 2/3 (To) 

where the last step assumes fio ~ Cinf = There is no further constraint from the 
stability of x^j. Using the superpotential in Eq. (4.2), the bound in Eq. (4.12) becomes a 
bound on wq in terms of m: 

.2/ (3 + 2acJo)2 _2 _ o^2 , "^^ 



W< , 2 2iV OR , ^^^2m- + — , (4.13) 
Sa^o-Q^ (1 - 2/3cro) yacFQj 

where in the last step we again assumed (Tq ~ o"inf and expanded for a o"o S> 1 . Note that 
this bound will not be affected by adding the uplifting sector as long as the uplifting term 
Vup, Eq. (4.4), does not depend on Moreover, if any mixing between T and ^ would be 
present, the bound is not directly on Wmod; but on a particular combination of VFmod and 
DxWraod depending on the mixing terms. For the KKLT superpotential and the no-scale 
Kahler potential, one typically has |-Dr^mod(co)| ~ |W/mod(fo)| at the uplifted minimum 
and thus the bound would be essentially again on the size of |M/^mod(fo)|- 

The important lesson here is that vacuum stability puts some constraint on the size of 
supersymmetry breaking after inflation, but for high-scale inflation still allows for a large 
range of possible values of wq, in particular those leading to low-energy SUSY breaking. 

4.2 Comment on the Cosmological Moduli Problem 

Since the moduli stabilization mechanisms during and after inflation are of completely 
different origin, the minima for the modulus fleld during and after inflation generically do 



^"For values too close to the upper bound, i.e. ctq « it is no longer justified to work only at second 
order in the derivatives and our effective field theory ceases to be valid. 
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not exactly coincide. This means the modulus field will oscillate and eventually dominate 
the universe. If it decays too late in the history of the universe, in particular if it decays after 
Big Bang Nucleosynthesis (BBN), it causes the well-known cosmological moduli problem 
[42]. However, since for the KKLT case there is a little hierarchy of scales [12, 43-46, 49], 

mr ~ 167r^m3/2 ~ (167r^)^mso/( , (4.14) 

we can assume that the modulus (and also the gravitino) is heavier than about 30 TeV 
such that it will decay before BBN and thus the cosmological moduli problem is avoided. 
We leave a more detailed investigation of both the non-thermal history and the issue of 
relaxing the tuning ctq ~ fJinf, e.g. by implementing a dynamical mechanism, for the future. 

4.3 Corrections to the Inflationary Trajectory 

The inflationary trajectory is shifted due to the presence of the modulus sector. If we 
neglect Wmod and V^ap, the trajectory is given by cr = Uinf = a = 0, X = 0, cpji = 
and ^ 0. Except for the derivative with respect to (pj, the only other non- vanishing 
derivatives along this trajectory are 

dV _ A^ae-'^'"' {6 + 7aa + 2a^a^) wq Ace''''' {2 + aa) Sa'^aow^ 

a3 (3 + 2aaof' ^ ' ^ 

and 

To (slighlty over-) compensate the negative cosmological constant in the would-be AdS- 
vacuum, we tune the uplifting potential V^p by choosing (recall that do ~ cr Ads) 

_ 3|Wmod(o-o)P _ 6 o-Q 

Zctq (3 + 2acro) 

Hence, we see that the last term in Eq. (4.15) is precisely the contribution from Kip- 

As mentioned above, we compute the shifts in a perturbative expansion for \wq\ <^ 1 
and aa ^ 1. At leading order, the shifts in a and xj during inflation are given by 



6a 



2m2 (1 + 32 7(/)2) 



A^ e-^"-'"f(3</.^ + acTinf (2 + (3 + 64j)cPj)) 
6 m2 02 (1 + 32 7 02) 

^e-'^'^'-f aj^jwo (602 + aaj^f (2 + (3 + 647)02)) 
6m2 02 (l + 32702) 



and 



^ 0/ (W^mod + T^mod) ^ 2 0H^O+^e— '.^0 

m (1-^32 7 02) m(l-h32 7 02) ■ ^ ' ' 



Without Wmod, a is not fixed at zero, but effectively frozen since it becomes massless in the limit 
Wmod — > 0. As noted above, we choose the phases in VKmod such that it has a minimum at q = 0. Thus, 
once we include Wmod, the minimum both during and after inflation is at q = 0. 
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Note that the shift 6xi vanishes as (/>/—>• such that $ = X = at the end of inflation. 
More interestingly, this shift is entirely controlled by the value of the gravitino mass during 
inflation since for ^ 1 

3/2 

+ , (4.20) 

m (1 + 32 7 m(/)/ ' ^ ' 

with 771-3/2 given by the usual expression 

ml/, = e^^'UiW)]' . (4.21) 

Due to the suppression by the large inflationary F-term Wx — rn(j)j, 6xj is parametrically 
small for small values of the gravitino mass. 

Including these shifts, the potential along the inflationary trajectory is given by 

where the first term is the standard contribution (up to the factor of crf^^) and the last 
term corresponds to the contribution from ~ tit? x'j since now x/ ^ 0. The other terms 
combine to the moduli potential Vmod, which is induced by VFmod and V^p, evaluated at 
cjinf. Recall that to ensure mx ^ T~i during inflation we require 7 > 0(1)- Thus, the 
inflaton-dependence of the potential at large values of (pj is not significantly affected by 
the addition of the last term in Eq. (4.22). Together with the bound from Eq. (4.13), 
Wq < 2m'^, and the assumption uq Uinf, we can already anticipate at this stage that no 
large corrections are expected. 

The next step is to compute the corrections to the inflationary observables. Note that 
the parameter m has to be redefined, both due to the factor of crj^f in the first term of 
Eq. (4.22) and due to the other additional terms. As usual, it is fixed by matching the 
amplitude of the scalar perturbations to the observed value. 

Assuming inflation ends at 0/ w 0, we can compute the number of e- folds A'^e in terms 
of The two slow-roll parameters which determine the inflationary predictions are 

e = ^Mj, i^yj and ry = M|,— . (4.23) 
The amplitude of the scalar power spectrum is given by 

1 /2 1 ^3/2 

pi/^ = — =^ (4.24) 



,1/2 _ 1 V'/' 
^ 2V3^ \V'\ 

As usual, the parameter m is fixed by matching the observed value for the amplitude of 
the scalar power spectrum to the predicted one. To leading order, the amplitude of the 
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1/2 

scalar power spectrum is given by 




3) + 



2567 

21n(1287iVe) - 3' 
128 7 



(21n(4iVe) - 3) - ^ (21n(4Are) - 3) 



(4.25) 



21n(1287iVe) - 3' 
256 7 

Obviously, compared to the inflationary scenario without the modulus sector, we only need 

3 /2 

to redefine m to account for the prefactor a-^^^ . The extra terms are all negligible and only 
would give rise to higher order corrections in the expressions for e and rj so we can ignore 
those. 

Having fixed the parameter m, we can calculate the predictions for the observables. 
For example, the scalar spectral index ns = l — 6e + 2?7is given by 

_ ^ 2_ WQ ( 3ainf (21n(4iVe) -5) 21n(12877Ve 



Ne m?N'^ \ 8 do 1287 



m2iV2 \^ 2 ' ' ' ' 647 

'21n(4iV.) - 5) - !^ (21„(4iV.) - 5) 



(4.26) 



m? \ 6 

21n(128 7A^e) 
1287 

and the tensor-to-scalar ratio r = 16e is given by 

/3ainf(ln(4iVe) -2) ln(1287iVe 



+ 



Ne m^Nl V ctq 16 7 

wo^e-^'^-t / „ , ln(1287A^e) - 2 

+ 2. .2 4aainf(ln(4A^e)-2^ ^ ^ ^ 



m? N'^ \ .... g ^ 

/i2 -2a(Tinf /4„2 2 

+ — ^(ln(47V,) - 2) + 4aai„f(ln(4iVe 

ln(128 7iVe) - 2 



(4.27) 



16 7 

Note that all the correction terms start at order N^'^ (up to some logarithms). Thus, 
they are suppressed with respect to the leading contribution ~ N^"^, as expected since we 
perform a perturbative expansion in W^od/Wx etc. and = rm? (j)] ~ rm? N^.. This 
suppression is sufficient to keep the corrections induced by the modulus sector small even 
if we saturate the bound in Eq. (4.13). Most importantly, for high-scale inflation and 
low-energy supersymmetry, the inflationary predictions are not significantly affected: the 

^3/2/ 



corrections are suppressed by rn^i^jF^ and F^/Fj^. 
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5 Conclusions 



In this article, we have proposed a general scenario for moduli stabilization where low- 
energy supersymmetry breaking can be accommodated together with a high scale of infla- 
tion. In our proposal the KL problem (which is reviewed in section 2) is resolved because 
the stabilization of the modulus field during and after inflation is not associated with a sin- 
gle, common scale, but instead relies on two different mechanism to stabilize the modulus 
during and after inflation. 

More explicitly (c.f. section 3), we suggest to consider a Kahler potential which fea- 
tures a coupling between the modulus field and the field whose F-term drives inflation in 
such a way that the term T^^f ~ K^^\DxW\^ creates a minimum for the modulus 
which stablizes it with large mass during inflation. After inflation, when DxW vanishes, 
a "standard" mechanism involving nonperturbative terms in the superpotential can take 
over to stabilize the modulus as usual. The way we avoid the KL problem in this setup 
works essentially as follows: The gravitino mass only sets the scale for moduli 

stabilization after inflation and therefore remains small all the time. During inflation, the 
scale for moduli stabilization is set by the inflationary energy scale Timf itself and no longer 
also by ■ This allows to consistently combine low scale SUSY and high scale inflation. 

There is of course a price to pay: Since the two minima for the modulus during and 
after inflation generically do not coincide, we have to make sure that there is no overshoot 
problem after inflation. This requires, for instance, that the difference between the two 
minima for the modulus lie not too far apart (c.f. section 4.1.1). Without a dynamical 
mechanism to guarantee a smooth transition between the two minima, achieving (Tq ~ <Tinf 
may require some amount of tuning of the model parameters. However, notice that also the 
KL solution requires some tuning to disentangle the height of the barrier from the gravitino 
mass today. Also note that, for a KKLT-type stabilisation mechanism after inflation, the 
mass of the modulus amounts about mx ~ IGvr^ which means it can be haevy enough 

to decay before BBN, avoiding the standard cosmological moduli problem. 

We have illustrated our general strategy in a simple model of chaotic inflation with 
a shift symmetry supplemented by a KKLT-type superpotential and uplifting term (c.f. 
section 4). Moduli stabilization during inflation is achieved considering a rather general 
Kahler potential coupling between the field which provides the inflationary vacuum energy 
by its F-term and the modulus. We also showed that in the limit of high-scale inflation 
and low-energy supersymmetry breaking, i.e. for W,DtW <^ Wx, the corrections to the 
inflationary observables from the modulus sector become negligible. The appendix contains 
results for a general moduli stabilizing superpotential WmodiT) combined with the simple 
chaotic inflation model. Results for hybrid (or tribrid) inflation models and models based 
on a Heisenberg symmetry instead of a shift symmetry will appear elsewhere [41]. 

Finally, emphasize that our general strategy may work for more general scenarios. 
Even though many ingredients of our scenario are motivated from a string theory point of 
view, we did not consider a particular embedding in a string theory compactiflcation here 
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and defer this discussion to the future. 
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Appendix 

A Some Results for Generic VFmod(^) 

In this appendix, we present some results for a general W^^odiT)- The moduli superpoten- 
tials we have in mind are of the form 

M^mod(r) = ?i;o + 5^^ne-'^"^, (A.l) 

n 

but their precise form is irrelevant for our discussion. We still restrict ourselves to the 
chaotic inflation model from section 4, i.e. we consider 

W = mX^ + Wmod{T), (A.2) 

and 

= -31n (T + T) + ^ (^> + + \X\^ - (3{T + f) \X\^ - -f\X\^ . (A.3) 
If necessary, we allow for the possibility of adding an uplifting term of the form 

^up = , (A.4) 

where the constant Cup is tuned to have an (almost) vanishing cosmological constant. Here, 
we do not consider other possibilites for uplifting such as those discussed e.g. in [47-52]. 
As before, we choose the phases of the parameters in Wmod such that the minimum for the 
imaginary part of T is at a = 0. 

The general strategy is to perform a perturbative expansion in VFmod) -DT^Fmod) ^mod 
and higher derivatives to determine the effect of the modulus sector during inflation. Recall 
that this is an expansion with dimensionless expansion parameters given by W^iod/Wx 
etc. (up to appropriate powers of Mp), which parametrize the impact on the inflationary 
trajectory by adding the modulus sector. Note that this expansion breaks down towards 
the end of inflation since Wx vanishes as $ — )• 0. For simplicity, we assume the absence of 
any mixing between T and ^ and only a mixing betweeen T and X given by the second 
term in Eq. (A.3). 
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For many schemes for moduli stabilization, at the minimum ctq one has an upper bound 
|-DTWmod(o-o)| < |Wmod(o"o)|, e.g. for the KKLT mechanism one has \DTWynod{(^o)\ ~ 
|^mod(o"o)|, while for the KL scenario one has |-D7^Wmod(f'"o)| ^ |WVod(<7o)|- We restrict 
our discussion to moduli stabilization scenarios which obey such an upper bound. 

A.l Stability of the Vacuum After Inflation 

If Wmod and Vup are not present, the vacuum after inflation is given by $ = X = and both 
the real and the imaginary part of T remain as flat directions. These two flat directions 
are stabilized upon adding VFmod- However, we may induce some instabilities for $ and X. 
Since there are no mixings, the masses for (pfi and (pj are simply given by 



and 



Q2y _2 



(A.6) 



dct)f 8^3(1-2/3(70)' 
respectively. As in the explicit example we discussed in section 4.1, do has to satisfy the 
upper bound 

-0 < ^ , (A.7) 

which is necessary to avoid both a tachyonic mass for (pj and a wrong sign for the kinetic 
term of X. From the stability condition for (pn, we get an upper bound on the size of Wmod 
at the minimum in terms of m: 

rmod(cTo)|2 < "l' « 2m' , (A.8) 
2[l- zpao) 

where the last step assumes ctq ~ o-mi = There is again no further constraint from 
the stability of xrj. Note that this constraint will not be affected by adding the uplifting 
sector as long as the uplifting term Vup, Eq. (A. 4), does not depend on Furthermore, if 
any mixings between T and $ would be present, the bound is not directly on Wmodi but on 
a particular combination of VFmod and -Dt W^mod depending on the mixing terms. However, 
since we consider only setups where \DTWniod{cro)\ ^ |l^mod(fo)|) the upper bound does 
not change qualitatively. 

A. 2 Corrections to the Inflationary Trajectory 

The presence of the moduli stabilizing sector shifts the inflationary trajectory. Without 
^mod) it is given by a = ciinf = g^i = X = 0, cpR = and / 0. Upon adding 
^mod; only a and X[ receive shifts since except for the derivative with respect to cpj the 
only non- vanishing first derivatives along the would-be infiationary trajectory are 

dV _ ( DTW^odWmod , DTW^odWl,^ \ 2|Z)rV^Vodp 3\Wrnod{(To)\' 

da [ 2^3 + 6a ^ 3a' Aa^ao ' ^ ^ 



See foonote 11. 
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and 

1^ = (^-d + T^mod) . (A.IO) 

ox J OCT-* 

Note that we have tuned the constant Cup in V^p such that it (shghlty over-) compensates 
the negative cosmological constant assuming one obtains a supersymmetric AdS vacuum 
without Vup, which yields 

a^^, (A.n) 

2(70 

Thus, the last term in Eq. (A. 9) is precisely the contribution from Vup. If no uplifting 
is necessary, the corresponding terms in Eq. (A. 9) and in all of the following equations 
simply have to be dropped. If the minimum is a non-supersymmetric AdS or Minkowski 
minimum, Cup is fixed in terms of Winod(co) and DTWmodio'o) instead of just PVmod(co) 
and it is straightforward to change to the correct approximate expression for Cup in all the 
equations. 

In the following, we present the results of a perturbative expansion in Wmod, -Dj-TVmod 
and VV^qj. Note that unless stated otherwise it is implicit that these functions are evaluated 
at a = cjinf = ^ . To leading order in the expansion, the shifts 6xj and 6a are given by 

m(l + 327(/)2) m^/ ^ ' 



and 




1 + 32702 ) 24m2 

The first term in 6a is induced by the uplifting potential Vup. Note that the shift 6xi 
is entirely controlled by Wmodj i-e. by the gravitino mass during inflation. These shifts 
induce some changes to the potential along the (/)/-direction, in particular, the shift of xj 
away from zero is potentially dangerous. To leading order, the inflaton potential including 
the shifts is now given by 

,2 



4f^inf 16 <f (1 + 32 7 0/) 

where the second term is the pure moduli potential evaluated at a = a\nU i-e. 

Vinod 0-inf = 7. + , A. 15 

with the last term in Eq. (A. 15) coming from the uplifting potential Vup, Eq. (A. 4), with 
Cup tuned as in Eq. (A. 11). The first term in Eq. (A. 14) is the standard chaotic inflation 
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potential, which is simply rescaled by a factor a- 
last term is simply ~ 6x'j. 



inf 



r from the e 



prefactor in Vp and the 



Since we must have 7 > 0{1) to ensure that X has a mass mx ^ ^ during inflation, the 
(/>7-dependence of the potential at large values of 0/ is not significantly affected. Moreover, 
recall that from the stability of the vacuum after inflation and with dinf ~ ctq, we must 
obey the upper bound |Wmod| ^ V^m, cf. Eq. (A. 8). Thus, already at this stage, we see 
that no large corrections should be expected in the regime where our treatment is valid. 

In the next step, we have to compute the impact of the extra terms on the inflationary 
predictions. Since we perform a perturbative expansion, we do not expect to get very 
large effects, but the bound on Wmod might change. Note that the parameter m has to 
be redefined from its "standard" value, both due to the a^~^ factor in the first term of 
Eq. (A. 14) and due to the extra terms. However, as we will see below, the latter turns out 
to be irrelevant. 

Assuming inflation ends at ~ 0, the number of e-folds in terms of the initial 
value of (pj at leading order in our perturbative expansion is given by 



There is some additional ^/-dependence, but it is rather weak at large values of Thus, 
we again perform a perturbative analysis to determine the required initial value as a 
function of A'^e, which yields for 1 





(A.16) 




mod 



2 



(A.17) 



Plugging this into the definitions for e and rj yields at leading order 



1 , al^lDTW^odlHlnC^N,) - 2) , 3(Jinf|T^mod((To)|'(ln(4iVe) - 2) 



2Ne l2m?N'^ 16 £70 m^iVl 

_ -2 + 96 7(ln(4A^e)-2) + ln(128 7A^e)|W"modP 
512 7m2 A^l 



(A.18) 



(ln(128 7A^e)-2) (w^d + ^^Ld) 



10247m2Ar| 
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and 



1 ali\DTWmod\HH'^Ne) - 1) ainf|Wn,od(c7o)P(ln(4jVe)-l) 

^ 2iVe 12 m^N^ 16 (To m^ivl 

-1 + 967(ln(4iVe) - 2) + ln(1287 A^e)|^mod|' 

512 7 m2 ATI (A.19) 



(ln(128 7iVe)-l)(W^Ld + M^mod 



1024 7 m^iVl 

respectively. Note that all the corrections start at order N^'^ (up to some logarithms): 
They are suppressed with respect to the leading contribution by W^^^/W^ etc. since 

Before we continue, we have to fix the parameter m by matching the prediction to the 

1/2 

observed amplitude of the scalar power spectrum Vj[ . We find 

^1/2 ^ miVe / _ (7?j£>Tl^^odP(21n(4iVe)-3) _ 3(7inf|W^mod(<T0)P(21n(4iVe)-3) 



(21n(1287iVe)-3) (wl^^ + wl 



^2 

mod 

+ 



+ 



10247m2 ATg 

(-3 + 967(21n(4Are)-3) + 21n(1287iVe))|W^odP^ 
512 7 m2iVe 



(A.20) 



Thus, except for the factor a\lf , the mass parameter m needs to be redefined only at 
second order in Wmod and -Dt l^mod- Consequently, this affects the above expressions for e 
and 77 only at higher orders and we drop these corrections in the following. What matters, 

3 /2 

however, is the rescaling of the mass parameter m by a-^^^ compared to the standard chaotic 
inflation scenario. 

Now we can calculate the scalar spectral index Us = 1 — 6 e+2 77 and the tensor-to-scalar 
ratio r = 16 e, for which we find 

2 _ (7?,f|L»TWVod|'(21n(4iV,) - 5) _ 3(7inf|Wn,od(cTo)P(21n(4iVe) - 5) 

Tic 1 — 



+ 



+ 



(-5 + 967(21n(4iVe) - 5) + 21n(1287 A^e)) \W^od\'' 
256 7 m2 ATI 

(21n(1287iVe)-5) fed + ^Ld) 



512 7m2Af2 

(A.21) 
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and 



_ 8 4a?„f|£)TW^odp(ln(4iVe)-2) 3ainf|l^mod(c7o)P(ln(4iVe) - 2) 
Ne ^m?Nl aom'^N^ 

_ -2 + 967(ln(4A^e) - 2) + ln(1287 Are)|^modP 

32 7 rn2iV| (^-22) 

(ln(128 7iVe)-2) (l^la + 't^Ld) 
647m2iV2 ' 

respectively. Obviously, the corrections with respect to the leading term are small. They 
also appear at a higher order in the large Ng expansion since the corrections are suppressed 
by Wx = ~ m^Ne with respect to the leading contribution. Low-energy supersym- 

metry and high-scale inflation correspond to -Dt M^mod and Wmod being parametrically small 
compared to the F-term DxW. Consequently, all the corrections are parametrically small 
as well since we have to require (Jq ~ (Tinf to avoid the cosmological moduli problem and 
we assume that -DrW^mod and Wmod do not vary too strongly between ao and (Tinf. 
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